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Confinement

Infinitely Heavy Quarks . . . Picture in Quantum Mechanics

integration of the force-3 loops

bosonic string

V (r) = σ r − π

12

1

r

σ ∼ 470 MeV

Necco & Sommer

he-la/0108008
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Confinement

Illustrate this in terms of the action density . . . analogous to

plotting the Force = FQ̄Q(r) = σ +
π

12

1

r2

Bali, et al.

he-la/0512018

Craig Roberts: Dyson Schwinger Equations and QCD

25th Students’ Workshop on Electromagnetic Interactions, 31/08 – 05/09, 2008. . . – p. 2/34



First Contents Back Conclusion

Confinement

What happens in the real world; namely, in the presence of

light-quarks?

Craig Roberts: Dyson Schwinger Equations and QCD

25th Students’ Workshop on Electromagnetic Interactions, 31/08 – 05/09, 2008. . . – p. 2/34



First Contents Back Conclusion

Confinement

What happens in the real world; namely, in the presence of

light-quarks? No one knows . . . but Q̄Q + 2 × q̄q

Bali, et al.

he-la/0512018

Craig Roberts: Dyson Schwinger Equations and QCD

25th Students’ Workshop on Electromagnetic Interactions, 31/08 – 05/09, 2008. . . – p. 2/34



First Contents Back Conclusion

Confinement

What happens in the real world; namely, in the presence of

light-quarks? No one knows . . . but Q̄Q + 2 × q̄q

Bali, et al.

he-la/0512018

“The breaking of the string appears to be an instantaneous

process, with de-localized light quark pair creation.”

Craig Roberts: Dyson Schwinger Equations and QCD

25th Students’ Workshop on Electromagnetic Interactions, 31/08 – 05/09, 2008. . . – p. 2/34



First Contents Back Conclusion

Confinement

What happens in the real world; namely, in the presence of

light-quarks? No one knows . . . but Q̄Q + 2 × q̄q

Bali, et al.

he-la/0512018

“The breaking of the string appears to be an instantaneous

process, with de-localized light quark pair creation.”

Therefore . . . No

information on potential

between light-quarks.
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Dyson-Schwinger Equations . . .
Continuum Nonperturbative Method

1994 . . . “As computer technology continues to improve,

lattice gauge theory [LGT] will become an increasingly

useful means of studying hadronic physics through

investigations of discretised quantum chromodynamics

[QCD]. . . . .”
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1994 . . . “However, it is equally important to develop other

complementary nonperturbative methods based on

continuum descriptions. In particular, with the advent of new

accelerators such as CEBAF and RHIC, there is a need for

the development of approximation techniques and models

which bridge the gap between short-distance, perturbative

QCD and the extensive amount of low- and

intermediate-energy phenomenology in a single covariant

framework. . . . ”
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continuum techniques provides a particularly useful means

of developing a detailed understanding of nonperturbative
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1994 . . . “Cross-fertilisation between LGT studies and

continuum techniques provides a particularly useful means

of developing a detailed understanding of nonperturbative

QCD.”

C. D. Roberts and A. G. Williams, “Dyson-Schwinger equations

and their application to hadronic physics,” Prog. Part. Nucl. Phys.

33, 477 (1994) [arXiv:hep-ph/9403224].
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Dyson (1949) & Schwinger (1951) . . . One can derive a

system of coupled integral equations relating the Green

functions for the theory to each other.

Σ
=
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Continuum Nonperturbative Method

Dyson (1949) & Schwinger (1951) . . . One can derive a

system of coupled integral equations relating the Green

functions for the theory to each other.

Σ
=

D

γ
ΓS

These are nonperturbative equivalents in quantum field

theory to the Lagrange equations of motion.

Essential in simplifying the general proof of renormalisability

of gauge field theories.
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NonPerturbative, Continuum approach to QCD

Hadrons as Composites of Quarks and Gluons

Qualitative and Quantitative Importance of:

· Dynamical Chiral Symmetry Breaking

– Generation of fermion mass from nothing

· Quark & Gluon Confinement

– Coloured objects not detected, not detectable?

⇒ Understanding InfraRed (long-range)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . behaviour of αs(Q
2)
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Well suited to Relativistic Quantum Field Theory
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Qualitative and Quantitative Importance of:

· Dynamical Chiral Symmetry Breaking

– Generation of fermion mass from nothing

· Quark & Gluon Confinement

– Coloured objects not detected, not detectable?

Method yields Schwinger Functions ≡ Propagators
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Dyson-Schwinger Equations

Well suited to Relativistic Quantum Field Theory

Simplest level: Generating Tool for Perturbation Theory

. . . . . . . . . . . . . . . . . . . . Materially Reduces Model Dependence

NonPerturbative, Continuum approach to QCD

Hadrons as Composites of Quarks and Gluons

Qualitative and Quantitative Importance of:

· Dynamical Chiral Symmetry Breaking

– Generation of fermion mass from nothing

· Quark & Gluon Confinement

– Coloured objects not detected, not detectable?

Cross-Sections built from Schwinger Functions
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Schwinger Functions

Solutions are Schwinger Functions
(Euclidean Green Functions)

Not all are Schwinger functions are experimentally
observable but . . .

all are same VEVs measured in numerical
simulations of lattice-regularised QCD
opportunity for comparisons at
pre-experimental level . . . cross-fertilisation

Proving fruitful.
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Persistent Challenge

Infinitely Many Coupled Equations

Σ
=

D

γ
ΓS

Coupling between equations necessitates truncation

Weak coupling expansion ⇒ Perturbation Theory
Not useful for the nonperturbative problems
in which we’re interested
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Persistent Challenge

Infinitely Many Coupled Equations

There is at least one systematic nonperturbative,
symmetry-preserving truncation scheme
H.J. Munczek Phys. Rev. D 52 (1995) 4736
Dynamical chiral symmetry breaking, Goldstone’s
theorem and the consistency of the Schwinger-Dyson
and Bethe-Salpeter Equations
A. Bender, C. D. Roberts and L. von Smekal, Phys.
Lett. B 380 (1996) 7
Goldstone Theorem and Diquark Confinement Beyond
Rainbow Ladder Approximation

Craig Roberts: Dyson Schwinger Equations and QCD

25th Students’ Workshop on Electromagnetic Interactions, 31/08 – 05/09, 2008. . . – p. 8/34

http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ph&eprint=9411239
http://www.slac.stanford.edu/spires/find/hep/www?eprint=NUCL-TH&eprint=9602012


First Contents Back Conclusion

Persistent Challenge

Infinitely Many Coupled Equations

There is at least one systematic nonperturbative,
symmetry-preserving truncation scheme

Has Enabled Proof of EXACT Results in QCD

Craig Roberts: Dyson Schwinger Equations and QCD

25th Students’ Workshop on Electromagnetic Interactions, 31/08 – 05/09, 2008. . . – p. 8/34



First Contents Back Conclusion

Persistent Challenge

Infinitely Many Coupled Equations

There is at least one systematic nonperturbative,
symmetry-preserving truncation scheme

Has Enabled Proof of EXACT Results in QCD

And Formulation of Practical Phenomenological Tool to

Illustrate Exact Results

Craig Roberts: Dyson Schwinger Equations and QCD

25th Students’ Workshop on Electromagnetic Interactions, 31/08 – 05/09, 2008. . . – p. 8/34



First Contents Back Conclusion

Persistent Challenge

Infinitely Many Coupled Equations

There is at least one systematic nonperturbative,
symmetry-preserving truncation scheme

Has Enabled Proof of EXACT Results in QCD

And Formulation of Practical Phenomenological Tool to

Illustrate Exact Results

Make Predictions with Readily Quantifiable Errors
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Weak Coupling Expansion
Reproduces Every Diagram in Perturbation Theory

But in Perturbation Theory

B(p2) = m

(

1 − α

π
ln

[

p2

m2

]

+ . . .
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m→0→ 0
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Weak Coupling Expansion
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But in Perturbation Theory

B(p2) = m

(

1 − α

π
ln

[

p2

m2

]

+ . . .

)

m→0→ 0

No DCSB
Here!
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QCD & Interaction Between
Light-Quarks

Kernel of Gap Equation: Dµν(p − q) Γν(q)

Dressed-gluon propagator and dressed-quark-gluon vertex

Reliable DSE studies of Dressed-gluon propagator:

R. Alkofer and L. von Smekal, The infrared behavior of QCD
Green’s functions . . . , Phys. Rept. 353, 281 (2001).
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Light-Quarks

Kernel of Gap Equation: Dµν(p − q) Γν(q)

Dressed-gluon propagator and dressed-quark-gluon vertex

Reliable DSE studies of Dressed-gluon propagator:

R. Alkofer and L. von Smekal, The infrared behavior of QCD
Green’s functions . . . , Phys. Rept. 353, 281 (2001).

Dressed-gluon propagator – lattice-QCD simulations confirm that
behaviour:

D. B. Leinweber, J. I. Skullerud, A. G. Williams and C.
Parrinello [UKQCD Collaboration], Asymptotic scaling and
infrared behavior of the gluon propagator, Phys. Rev. D 60,
094507 (1999) [Erratum-ibid. D 61, 079901 (2000)].

Exploratory DSE and lattice-QCD studies
of dressed-quark-gluon vertex
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Dressed-gluon PropagatorAlkofer, Detmold, Fischer,
Maris: he-ph/0309078

Dµν(k) =

(

δµν −
kµkν

k2
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Suppression
means ∃ IR gluon
mass-scale
≈1 GeV

Naturally, this
scale has the
same origin as
ΛQCD
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S(p) =
Z(p2)

iγ · p + M(p2)
Σ

=
D

γ
ΓS

Gap Equation
Gap Equation’s Kernel Enhanced on IR domain

⇒ IR Enhancement of M(p2)
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masses) have confirmed model
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vast bulk of the constituent mass
of a light quark comes from a
cloud of gluons that are dragged
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that appears to be absolutely
massless at high energies
(m = 0, red curve) acquires a
large constituent mass at low
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Hadrons

• Without bound states, Comparison with
experiment is impossible

• Bethe-Salpeter Equation

QFT Generalisation of Lippmann-Schwinger Equation.

• What is the kernel, K?

or
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What is the light-quark
Long-Range Potential?

Potential between static (infinitely heavy) quarks
measured in simulations of lattice-QCD is not related
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Axial-vector Ward-Takahashi identity
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f iγ5 +
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−Mζ iΓl
5(k;P ) − iΓl

5(k;P ) Mζ

QFT Statement of Chiral Symmetry
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2
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f iγ5 S−1(k−)

−Mζ iΓl
5(k;P ) − iΓl

5(k;P ) Mζ

Satisfies BSE Satisfies DSE
Kernels very different
but must be intimately related

• Relation must be preserved by truncation
• Failure ⇒ Explicit Violation of QCD’s Chiral Symmetry
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In the chiral limit the QCD Action possesses chiral symmetry

The chiral limit is a good approximation in QCD
for u- and d-quarks

If this SU(Nf = 2) chiral symmetry is dynamically broken, then
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generator of chiral transformations; i.e., three Goldstone Bosons

These three Goldstone Bosons have long been identified with the
pions: π+ , π0 , π−
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The chiral limit is a good approximation in QCD
for u- and d-quarks

If this SU(Nf = 2) chiral symmetry is dynamically broken, then
there is a massless composite particle associated with each
generator of chiral transformations; i.e., three Goldstone Bosons

These three Goldstone Bosons have long been identified with the
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E.g., V (x, y) = (σ2 + π2 − 1)2

– Hamiltonian: T + V , is Rotationally Invariant
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Goldstone’s Theorem

In the chiral limit the QCD Action possesses chiral symmetry

The chiral limit is a good approximation in QCD
for u- and d-quarks

If this SU(Nf = 2) chiral symmetry is dynamically broken, then
there is a massless composite particle associated with each
generator of chiral transformations; i.e., three Goldstone Bosons

These three Goldstone Bosons have long been identified with the
pions: π+ , π0 , π−

If one assumes the s-quark is also light; namely, assumes that
SU(Nf = 3) chiral symmetry is a good approximation, then the
kaons are four more Goldstone Bosons
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Pion and . . .
Pseudoscalar Mesons?

Can a bound-state of massive constituents truly be
massless . . . without fine-tuning?
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Dichotomy of Pion
– Goldstone Mode and Bound state

How does one make an almost massless particle
. . . . . . . . . . . from two massive constituent-quarks?

Not Allowed to do it by fine-tuning a potential

Must exhibit m2

π ∝ mq

Current Algebra . . . 1968

The correct understanding of pion observables;
e.g. mass, decay constant and form factors,
requires an approach to contain a

well-defined and valid chiral limit;

and an accurate realisation of
dynamical chiral symmetry breaking.

Highly Nontrivial
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Resolving the Dichotomy

Minimal requirements

detailed understanding of connection between

Current-quark and Constituent-quark masses;

and systematic, symmetry preserving means of realising

this connection in bound-states.
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Resolving the Dichotomy

Minimal requirements

detailed understanding of connection between

Current-quark and Constituent-quark masses;

and systematic, symmetry preserving means of realising

this connection in bound-states.

Satisfying these requirements enables

Proof of numerous exact results for pseudoscalar

mesons

Formulation of reliable models

To illustrate those results

Make predictions of observables with quantifiable

errors
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+ γ · k k · P Gπ(k;P ) + σµν kµPν Hπ(k;P )
]
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Goldberger-Treiman for pion

Pseudovector
components
necessarily
nonzero

• Pseudoscalar Bethe-Salpeter amplitude

Γπj (k;P ) = τπj

γ5

[

iEπ(k;P ) + γ · PF π(k;P )

+ γ · k k · P Gπ(k;P ) + σµν kµPν Hπ(k;P )
]

• Dressed-quark Propagator: S(p) =
1

iγ · pA(p2) + B(p2)
• Axial-vector Ward-Takahashi identity

⇒ fπEπ(k;P = 0) = B(p2)

FR(k; 0) + 2 fπFπ(k; 0) = A(k2)

GR(k; 0) + 2 fπGπ(k; 0) = 2A′(k2)

HR(k; 0) + 2 fπHπ(k; 0) = 0

Exact in

Chiral QCD
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Radial Excitations
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fH m2
H = − ρH

ζ MH

• Mass2 of pseudoscalar hadron
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Radial Excitations
& Chiral Symmetry(Maris, Roberts, Tandy

nu-th/9707003 )

fH m2
H = − ρH

ζ MH

MH := trflavour

[

M (µ)

{

TH ,
(

TH
)t

}]

= mq1+mq2

• Sum of constituents’ current-quark masses

• e.g., TK+

= 1
2

(

λ4 + iλ5
)
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{
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• Pseudovector projection of BS wave function at x = 0

• Pseudoscalar meson’s leptonic decay constant
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H

, Independent of mq

Hence m2

H =
−〈q̄q〉0ζ
(f0

H)2
mq . . . GMOR relation, a corollary

Heavy-quark + light-quark

⇒ fH ∝ 1
√

mH

and ρH
ζ ∝ √

mH

Hence, mH ∝ mq

. . . QCD Proof of Potential Model result
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masses below 2 GeV: π(140) ; π(1300); and π(1800)

The Pion

Consituent-Q Model: 1st three members of
n 1S0 trajectory; i.e., ground state plus radial excitations?

But π(1800) is narrow (Γ = 207 ± 13) & decay pattern might
indicate some “flux tube angular momentum” content:
SQ̄Q = 1 ⊕ LF = 1 ⇒ J = 0

& LF = 1 ⇒ 3S1 ⊕ 3S1 (Q̄Q) decays suppressed?
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Spectrum contains 3 pseudoscalars [IG(JP )L = 1−(0−)S]

masses below 2 GeV: π(140) ; π(1300); and π(1800)

The Pion

Consituent-Q Model: 1st three members of
n 1S0 trajectory; i.e., ground state plus radial excitations?

But π(1800) is narrow (Γ = 207 ± 13) & decay pattern might
indicate some “flux tube angular momentum” content:

Radial excitations & Hybrids & Exotics ⇒ Long-range radial wave
functions ⇒ sensitive to confinement

NSAC Long-Range Plan, 2002: . . . an understanding of
confinement “remains one of the

greatest intellectual challenges in physics”
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“radial” excitation of π-meson, not the ground state, so

m2
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Höll, Krassnigg, Roberts
nu-th/0406030

fH m2
H = − ρH

ζ MH

Valid for ALL Pseudoscalar mesons

ρH ⇒ finite, nonzero value in chiral limit, MH → 0

“radial” excitation of π-meson, not the ground state, so

m2

πn 6=0
> m2

πn=0
= 0, in chiral limit

⇒ fH = 0

ALL pseudoscalar mesons except π(140) in chiral limit

Dynamical Chiral Symmetry Breaking

– Goldstone’s Theorem –

impacts upon every pseudoscalar meson
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When we first heard about [this result] our first reaction was a
combination of “that is remarkable” and “unbelievable”.

CLEO: τ → π(1300) + ντ

⇒ fπ1
< 8.4 MeV

Diehl & Hiller
he-ph/0105194

Lattice-QCD check:
163 × 32,
a ∼ 0.1 fm,
two-flavour, unquenched

⇒ fπ1

fπ

= 0.078 (93)
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When we first heard about [this result] our first reaction was a
combination of “that is remarkable” and “unbelievable”.

CLEO: τ → π(1300) + ντ

⇒ fπ1
< 8.4 MeV

Diehl & Hiller
he-ph/0105194

Lattice-QCD check:
163 × 32,
a ∼ 0.1 fm,
two-flavour, unquenched

⇒ fπ1

fπ

= 0.078 (93)

Full ALPHA formulation is required to see suppression, because
PCAC relation is at the heart of the conditions imposed for
improvement (determining coefficients of irrelevant operators)Craig Roberts: Dyson Schwinger Equations and QCD
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When we first heard about [this result] our first reaction was a
combination of “that is remarkable” and “unbelievable”.

CLEO: τ → π(1300) + ντ

⇒ fπ1
< 8.4 MeV

Diehl & Hiller
he-ph/0105194

Lattice-QCD check:
163 × 32,
a ∼ 0.1 fm,
two-flavour, unquenched

⇒ fπ1

fπ

= 0.078 (93)

The suppression of fπ1
is a useful benchmark that can be used to

tune and validate lattice QCD techniques that try to determine the
properties of excited states mesons.Craig Roberts: Dyson Schwinger Equations and QCD
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γ · k k · P Gπn(k;P ) + σµν kµPν Hπn(k;P )]

Orbital angular momentum is not a Poincaré invariant.

However, if absent in a particular frame, it will appear in

another frame related via a Poincaré transformation.
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Nonzero quark orbital angular momentum is thus a

necessary outcome of a Poincaré covariant description.
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In QCD, a Poincaré invariant theory with interactions, E 6= 0

forces nonzero results for F , G and H

J = 0 . . . but while E and F are purely L = 0 in the rest

frame, the G and H terms are associated with L = 1. Thus a

pseudoscalar meson Bethe-Salpeter wave function always

contains both S- and P -wave components.
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L is significant in

the neighbourhood

of the chiral limit,

and decreases with

increasing

current-quark mass.
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Pseudoscalar Mesons

non-Abelian Anomaly and η-η′ mixing

Mesons containing s̄-s are special: η & η′

Problem: η′ is a pseudoscalar meson but it’s much more

massive than the other eight constituted from light-quarks.

Origin: While the classical action associated with QCD is

invariant under UA(1) (Abelian axial transformations

generated by λ0γ5), the quantum field theory is not!
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Charge Neutral
Pseudoscalar Mesons

non-Abelian Anomaly and η-η′ mixing

Mesons containing s̄-s are special: η & η′

This is a perturbative diagram.

It has almost nothing to do with η ⇔ η′ mixing.
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KA ∼
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IS
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e.g. IS =
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non-Abelian Anomaly and η-η′ mixing

Mesons containing s̄-s are special: η & η′

Driver is the non-Abelian anomaly

KA ∼

f1 f2

IS

IS

e.g. IS =

f1 f2

Contribution to the

Bethe-Salpeter kernel

associated with the

non-Abelian anomaly.

All terms have the

“hairpin” structure.

No finite sum of such intermediate states is sufficient to

veraciously represent the anomaly.
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PµΓa
5µ(k;P ) = S−1(k+)iγ5F

a + iγ5F
aS−1(k−)

−2iMabΓb
5(k;P ) −Aa(k;P )

{Fa| a = 0, . . . , N2
f − 1} are the generators of U(Nf )

S = diag[Su, Sd, Ss, Sc, Sb, . . .]

Mab = trF

[

{Fa,M}F b
]

,

M = diag[mu,md,ms,mc,mb, . . .] = matrix of current-quark

bare masses
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Pseudoscalar Mesons

PµΓa
5µ(k;P ) = S−1(k+)iγ5F

a + iγ5F
aS−1(k−)

−2iMabΓb
5(k;P ) −Aa(k;P )

{Fa| a = 0, . . . , N2
f − 1} are the generators of U(Nf )

S = diag[Su, Sd, Ss, Sc, Sb, . . .]

Mab = trF

[

{Fa,M}F b
]

,

M = diag[mu,md,ms,mc,mb, . . .] = matrix of current-quark

bare masses

The final term in the second line expresses the non-Abelian

axial anomaly.
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aS−1(k−)

−2iMabΓb
5(k;P ) −Aa(k;P )

Aa(k;P ) = S−1(k+) δa0 AU (k;P )S−1(k−)

AU (k;P ) =

∫

d4xd4y ei(k+·x−k−·y)Nf

〈

F0q(x)Q(0) q̄(y)
〉
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∫

d4xd4y ei(k+·x−k−·y)Nf

〈

F0q(x)Q(0) q̄(y)
〉

Q(x) = i
αs

4π
trC [ǫµνρσFµνFρσ(x)] = ∂µKµ(x)

. . . The topological charge density operator.
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a + iγ5F
aS−1(k−)

−2iMabΓb
5(k;P ) −Aa(k;P )

Aa(k;P ) = S−1(k+) δa0 AU (k;P )S−1(k−)

AU (k;P ) =

∫

d4xd4y ei(k+·x−k−·y)Nf

〈

F0q(x)Q(0) q̄(y)
〉

Q(x) = i
αs

4π
trC [ǫµνρσFµνFρσ(x)] = ∂µKµ(x)

. . . The topological charge density operator.

(Trace is over colour indices & Fµν = 1
2λaF a

µν .)
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PµΓa
5µ(k;P ) = S−1(k+)iγ5F

a + iγ5F
aS−1(k−)

−2iMabΓb
5(k;P ) −Aa(k;P )

Aa(k;P ) = S−1(k+) δa0 AU (k;P )S−1(k−)

AU (k;P ) =

∫

d4xd4y ei(k+·x−k−·y)Nf

〈

F0q(x)Q(0) q̄(y)
〉

Q(x) = i
αs

4π
trC [ǫµνρσFµνFρσ(x)] = ∂µKµ(x)

. . . The topological charge density operator.

Important that only Aa=0 is nonzero.

Craig Roberts: Dyson Schwinger Equations and QCD

25th Students’ Workshop on Electromagnetic Interactions, 31/08 – 05/09, 2008. . . – p. 30/34



First Contents Back Conclusion

Charge Neutral
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PµΓa
5µ(k;P ) = S−1(k+)iγ5F

a + iγ5F
aS−1(k−)

−2iMabΓb
5(k;P ) −Aa(k;P )

Aa(k;P ) = S−1(k+) δa0 AU (k;P )S−1(k−)

AU (k;P ) =

∫

d4xd4y ei(k+·x−k−·y)Nf

〈

F0q(x)Q(0) q̄(y)
〉

Q(x) = i
αs

4π
trC [ǫµνρσFµνFρσ(x)] = ∂µKµ(x)

. . . The topological charge density operator.

NB. While Q(x) is gauge invariant, the associated

Chern-Simons current, Kµ, is not ⇒ in QCD no physical

boson can couple to Kµ and hence no physical states can

contribute to resolution of UA(1) problem.
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Only A0 6≡ 0 is interesting . . . otherwise all pseudoscalar

mesons are Goldstone Modes!
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Anomaly term has structure
A0(k;P ) = F0γ5 [iEA(k;P ) + γ · PFA(k;P )

+γ · kk · PGA(k;P ) + σµνkµPνHA(k;P )]
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AVWTI gives generalised Goldberger-Treiman relations

2f0
η′EBS(k; 0) = 2B0(k

2) − EA(k; 0),

F 0
R(k; 0) + 2f0

η′FBS(k; 0) = A0(k
2) − FA(k; 0),

G0
R(k; 0) + 2f0

η′GBS(k; 0) = 2A′
0(k

2) − GA(k; 0),

H0
R(k; 0) + 2f0

η′HBS(k; 0) = −HA(k; 0),

A0, B0 characterise gap equation’s chiral limit solution.
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AVWTI gives generalised Goldberger-Treiman relations

2f0
η′EBS(k; 0) = 2B0(k

2) − EA(k; 0),

F 0
R(k; 0) + 2f0

η′FBS(k; 0) = A0(k
2) − FA(k; 0),

G0
R(k; 0) + 2f0

η′GBS(k; 0) = 2A′
0(k

2) − GA(k; 0),

H0
R(k; 0) + 2f0

η′HBS(k; 0) = −HA(k; 0),

A0, B0 characterise gap equation’s chiral limit solution.

Follows that EA(k; 0) = 2B0(k
2) is necessary and

sufficient condition for absence of massless η′ bound-state.

Craig Roberts: Dyson Schwinger Equations and QCD

25th Students’ Workshop on Electromagnetic Interactions, 31/08 – 05/09, 2008. . . – p. 31/34



First Contents Back Conclusion

Charge Neutral
Pseudoscalar Mesons

Bhagwat, Chang, Liu, Roberts, Tandy
nucl-th/arXiv:0708.1118

EA(k; 0) = 2B0(k
2)

Discussing the chiral limit

B0(k
2) 6= 0 if, and only if, chiral symmetry is dynamically

broken.

Hence, absence of massless η′ bound-state is only

assured through existence of intimate connection

between DCSB and an expectation value of the

topological charge density.
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Bhagwat, Chang, Liu, Roberts, Tandy
nucl-th/arXiv:0708.1118

EA(k; 0) = 2B0(k
2)

Discussing the chiral limit

B0(k
2) 6= 0 if, and only if, chiral symmetry is dynamically

broken.

Hence, absence of massless η′ bound-state is only

assured through existence of intimate connection

between DCSB and an expectation value of the

topological charge density.

Further highlighted . . . proved
〈q̄q〉0ζ = − lim

Λ→∞
Z4(ζ

2,Λ2) trCD

∫ Λ

q
S0(q, ζ)

= Nf

∫

d4x 〈q̄(x)iγ5q(x)Q(0)〉0 .
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AVWTI ⇒ QCD mass formulae for neutral pseudoscalar mesons

Implications of mass formulae illustrated using elementary
dynamical model, which includes Ansatz for that part of the
Bethe-Salpeter kernel related to the non-Abelian anomaly

Employed in an analysis of pseudoscalar- and vector-meson
bound-states
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Charge Neutral
Pseudoscalar Mesons

Bhagwat, Chang, Liu, Roberts, Tandy
nucl-th/arXiv:0708.1118

AVWTI ⇒ QCD mass formulae for neutral pseudoscalar mesons

Implications of mass formulae illustrated using elementary
dynamical model, which includes Ansatz for that part of the
Bethe-Salpeter kernel related to the non-Abelian anomaly

Despite its simplicity, model is elucidative and phenomenologically
efficacious; e.g., it predicts

η–η′ mixing angles of ∼ −15◦ (Expt.: −13.3◦ ± 1.0◦)

π0–η angles of ∼ 1.2◦ (Expt. p d → 3He π0: 0.6◦ ± 0.3◦)

Strong neutron-proton mass difference . . .

∼< 75 % current-quark mass-difference
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Answer for the pion

Two → Infinitely many . . .
Handle that
properly in
quantum
field theory
. . .
momentum
-dependent
dressing
. . .
perceived
distribution of
mass depends
on the resolving scale
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Exegesis

Hadron Physics is ∼ $300-million/year effort in USA alone

Subject is QCD . . . in the nonperturbative domain

Keystones are the Emergent Phenomena

Confinement
– quarks and gluons never alone reach a detector

Dynamical Chiral Symmetry Breaking
– counter-intuitive pattern of bound state masses and
interactions

Next lecture:

Elastic electromagnetic pion form factor

Nature of Baryons

Craig Roberts: Dyson Schwinger Equations and QCD

25th Students’ Workshop on Electromagnetic Interactions, 31/08 – 05/09, 2008. . . – p. 34/34


	
blue hypertarget {confinement}{Confinement}
	
blue hypertarget {confinement}{Confinement}
	
blue hypertarget {confinement}{Confinement}
	
blue hypertarget {confinement}{Confinement}
	
blue hypertarget {confinement}{Confinement}
	
blue hypertarget {confinement}{Confinement}
	
blue hypertarget {confinement}{Confinement}

	
blue hypertarget {History}{Dyson-Schwinger Equations ldots  \ Continuum Nonperturbative Method}
	
blue hypertarget {History}{Dyson-Schwinger Equations ldots  \ Continuum Nonperturbative Method}
	
blue hypertarget {History}{Dyson-Schwinger Equations ldots  \ Continuum Nonperturbative Method}
	
blue hypertarget {History}{Dyson-Schwinger Equations ldots  \ Continuum Nonperturbative Method}
	
blue hypertarget {History}{Dyson-Schwinger Equations ldots  \ Continuum Nonperturbative Method}
	
blue hypertarget {History}{Dyson-Schwinger Equations ldots  \ Continuum Nonperturbative Method}
	
blue hypertarget {History}{Dyson-Schwinger Equations ldots  \ Continuum Nonperturbative Method}
	
blue hypertarget {History}{Dyson-Schwinger Equations ldots  \ Continuum Nonperturbative Method}
	
blue hypertarget {History}{Dyson-Schwinger Equations ldots  \ Continuum Nonperturbative Method}

	
blue hypertarget {DSEs}{Dyson-Schwinger} Equations
	
blue hypertarget {DSEs}{Dyson-Schwinger} Equations
	
blue hypertarget {DSEs}{Dyson-Schwinger} Equations
	
blue hypertarget {DSEs}{Dyson-Schwinger} Equations
	
blue hypertarget {DSEs}{Dyson-Schwinger} Equations
	
blue hypertarget {DSEs}{Dyson-Schwinger} Equations
	
blue hypertarget {DSEs}{Dyson-Schwinger} Equations
	
blue hypertarget {DSEs}{Dyson-Schwinger} Equations
	
blue hypertarget {DSEs}{Dyson-Schwinger} Equations

	
blue hypertarget {schwinger}{Schwinger} Functions
	
blue hypertarget {schwinger}{Schwinger} Functions
	
blue hypertarget {schwinger}{Schwinger} Functions
	
blue hypertarget {schwinger}{Schwinger} Functions
	
blue hypertarget {schwinger}{Schwinger} Functions

	
blue hypertarget {DSEworld}{World ldots \ } {�romSlide {2}{ DSE Perspective}}
	
blue hypertarget {DSEworld}{World ldots \ } {�romSlide {2}{ DSE Perspective}}

	
blue hypertarget {challenge}{Persistent} Challenge
	
blue hypertarget {challenge}{Persistent} Challenge
	
blue hypertarget {challenge}{Persistent} Challenge
	
blue hypertarget {challenge}{Persistent} Challenge
	
blue hypertarget {challenge}{Persistent} Challenge

	
blue hypertarget {trunc}{Persistent} Challenge
	
blue hypertarget {trunc}{Persistent} Challenge
	
blue hypertarget {trunc}{Persistent} Challenge
	
blue hypertarget {trunc}{Persistent} Challenge

	
blue hypertarget {MpsqP}{Perturbative} \ Dressed-quark Propagator
	
blue hypertarget {MpsqP}{Perturbative} \ Dressed-quark Propagator
	
blue hypertarget {MpsqP}{Perturbative} \ Dressed-quark Propagator
	
blue hypertarget {MpsqP}{Perturbative} \ Dressed-quark Propagator
	
blue hypertarget {MpsqP}{Perturbative} \ Dressed-quark Propagator
	
blue hypertarget {MpsqP}{Perturbative} \ Dressed-quark Propagator

	Explanation?
	
blue hypertarget {interaction}{QCD} & Interaction Between Light-Quarks
	
blue hypertarget {interaction}{QCD} & Interaction Between Light-Quarks

	
blue hypertarget {gluon}{Dressed}-gluon Propagator
	
blue hypertarget {gluon}{Dressed}-gluon Propagator
	
blue hypertarget {gluon}{Dressed}-gluon Propagator

	
blue hypertarget {Mpsq}{Dressed-Quark} Propagator
	
blue hypertarget {Mpsq}{Dressed-Quark} Propagator
	
blue hypertarget {Mpsq}{Dressed-Quark} Propagator
	
blue hypertarget {Mpsq}{Dressed-Quark} Propagator
	
blue hypertarget {Mpsq}{Dressed-Quark} Propagator

	
blue hypertarget {Mpsq2}{Dressed-Quark} \ Propagator
	
blue hypertarget {Mpsq2}{Dressed-Quark} \ Propagator
	
blue hypertarget {Mpsq2}{Dressed-Quark} \ Propagator
	
blue hypertarget {Mpsq2}{Dressed-Quark} \ Propagator
	
blue hypertarget {Mpsq2}{Dressed-Quark} \ Propagator
	
blue hypertarget {Mpsq2}{Dressed-Quark} \ Propagator

	
blue hypertarget {lrp08}{Frontiers} of Nuclear Science: \ onlySlide *{1}{A Long Range Plan (2007)}
�romSlide *{2}{Theoretical Advances}
	
blue hypertarget {lrp08}{Frontiers} of Nuclear Science: \ onlySlide *{1}{A Long Range Plan (2007)}
�romSlide *{2}{Theoretical Advances}
	
blue hypertarget {lrp08}{Frontiers} of Nuclear Science: \ onlySlide *{1}{A Long Range Plan (2007)}
�romSlide *{2}{Theoretical Advances}
	
blue hypertarget {lrp08}{Frontiers} of Nuclear Science: \ onlySlide *{1}{A Long Range Plan (2007)}
�romSlide *{2}{Theoretical Advances}
	
blue hypertarget {lrp08}{Frontiers} of Nuclear Science: \ onlySlide *{1}{A Long Range Plan (2007)}
�romSlide *{2}{Theoretical Advances}

	
blue �romSlide {3}{hypertarget {Hadrons}{Hadrons}}
	
blue �romSlide {3}{hypertarget {Hadrons}{Hadrons}}
	
blue �romSlide {3}{hypertarget {Hadrons}{Hadrons}}
	
blue �romSlide {3}{hypertarget {Hadrons}{Hadrons}}
	
blue �romSlide {3}{hypertarget {Hadrons}{Hadrons}}
	
blue �romSlide {3}{hypertarget {Hadrons}{Hadrons}}
	
blue �romSlide {3}{hypertarget {Hadrons}{Hadrons}}

	
blue hypertarget {CDyn}{What} is the light-quark \ Long-Range Potential?
	
blue hypertarget {CDyn}{What} is the light-quark \ Long-Range Potential?

	
blue hypertarget {BSEK}{Bethe-Salpeter} Kernel
	
blue hypertarget {BSEK}{Bethe-Salpeter} Kernel
	
blue hypertarget {BSEK}{Bethe-Salpeter} Kernel
	
blue hypertarget {BSEK}{Bethe-Salpeter} Kernel
	
blue hypertarget {BSEK}{Bethe-Salpeter} Kernel
	
blue hypertarget {BSEK}{Bethe-Salpeter} Kernel
	
blue hypertarget {BSEK}{Bethe-Salpeter} Kernel

	
blue Goldstone's Theorem
	
blue Goldstone's Theorem
	
blue Goldstone's Theorem

	
blue Pion and ldots \ Pseudoscalar Mesons?
	
blue Pion and ldots \ Pseudoscalar Mesons?

	
blue hypertarget {piondic}{Dichotomy} of Pion \ -- Goldstone Mode emph {	extbf {and}} Bound state
	
blue hypertarget {piondic}{Dichotomy} of Pion \ -- Goldstone Mode emph {	extbf {and}} Bound state
	
blue hypertarget {piondic}{Dichotomy} of Pion \ -- Goldstone Mode emph {	extbf {and}} Bound state
	
blue hypertarget {piondic}{Dichotomy} of Pion \ -- Goldstone Mode emph {	extbf {and}} Bound state
	
blue hypertarget {piondic}{Dichotomy} of Pion \ -- Goldstone Mode emph {	extbf {and}} Bound state

	
blue hypertarget {problemC}{Resolving} the Dichotomy
	
blue hypertarget {problemC}{Resolving} the Dichotomy

	
blue hypertarget {gtquark}{Goldberger-Treiman} for pion
	
blue hypertarget {gtquark}{Goldberger-Treiman} for pion
	
blue hypertarget {gtquark}{Goldberger-Treiman} for pion
	
blue hypertarget {gtquark}{Goldberger-Treiman} for pion
	
blue hypertarget {gtquark}{Goldberger-Treiman} for pion
	
blue hypertarget {gtquark}{Goldberger-Treiman} for pion

	
blue hypertarget {radialNew}{Radial Excitations\& Chiral Symmetry}
	
blue hypertarget {radialNew}{Radial Excitations\& Chiral Symmetry}
	
blue hypertarget {radialNew}{Radial Excitations\& Chiral Symmetry}
	
blue hypertarget {radialNew}{Radial Excitations\& Chiral Symmetry}
	
blue hypertarget {radialNew}{Radial Excitations\& Chiral Symmetry}
	
blue hypertarget {radialNew}{Radial Excitations\& Chiral Symmetry}
	
blue hypertarget {radialNew}{Radial Excitations\& Chiral Symmetry}
	
blue hypertarget {radialNew}{Radial Excitations\& Chiral Symmetry}

	
blue hypertarget {hadron}{Radial Excitations}
	
blue hypertarget {hadron}{Radial Excitations}
	
blue hypertarget {hadron}{Radial Excitations}
	
blue hypertarget {hadron}{Radial Excitations}
	
blue hypertarget {hadron}{Radial Excitations}
	
blue hypertarget {hadron}{Radial Excitations}

	
blue hypertarget {radialNewB}{Radial Excitations\& Chiral Symmetry}
	
blue hypertarget {radialNewB}{Radial Excitations\& Chiral Symmetry}
	
blue hypertarget {radialNewB}{Radial Excitations\& Chiral Symmetry}
	
blue hypertarget {radialNewB}{Radial Excitations\& Chiral Symmetry}
	
blue hypertarget {radialNewB}{Radial Excitations\& Chiral Symmetry}

	
blue hypertarget {latticeradial}{Radial Excitations\& Lattice-QCD}
	
blue hypertarget {latticeradial}{Radial Excitations\& Lattice-QCD}
	
blue hypertarget {latticeradial}{Radial Excitations\& Lattice-QCD}
	
blue hypertarget {latticeradial}{Radial Excitations\& Lattice-QCD}
	
blue hypertarget {latticeradial}{Radial Excitations\& Lattice-QCD}
	
blue hypertarget {latticeradial}{Radial Excitations\& Lattice-QCD}

	
blue hypertarget {piQOAM}{Pion ldots  mbox {�oldmath $J = 0$}\ but ldots }
	
blue hypertarget {piQOAM}{Pion ldots  mbox {�oldmath $J = 0$}\ but ldots }
	
blue hypertarget {piQOAM}{Pion ldots  mbox {�oldmath $J = 0$}\ but ldots }
	
blue hypertarget {piQOAM}{Pion ldots  mbox {�oldmath $J = 0$}\ but ldots }
	
blue hypertarget {piQOAM}{Pion ldots  mbox {�oldmath $J = 0$}\ but ldots }
	
blue hypertarget {piQOAM}{Pion ldots  mbox {�oldmath $J = 0$}\ but ldots }
	
blue hypertarget {piQOAM}{Pion ldots  mbox {�oldmath $J = 0$}\ but ldots }
	
blue hypertarget {piQOAM}{Pion ldots  mbox {�oldmath $J = 0$}\ but ldots }

	
blue hypertarget {LeiFMI}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFMI}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFMI}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFMI}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFMI}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFMI}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFMI}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFMI}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFMI}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFMI}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFMI}{Charge Neutral \ Pseudoscalar Mesons}

	
blue hypertarget {LeiFM1}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFM1}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFM1}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFM1}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFM1}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFM1}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFM1}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFM1}{Charge Neutral \ Pseudoscalar Mesons}

	
blue hypertarget {LeiFM2}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFM2}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFM2}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFM2}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFM2}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFM2}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFM2}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFM2}{Charge Neutral \ Pseudoscalar Mesons}

	
blue hypertarget {LeiFM4}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFM4}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFM4}{Charge Neutral \ Pseudoscalar Mesons}
	
blue hypertarget {LeiFM4}{Charge Neutral \ Pseudoscalar Mesons}

	
blue Answer for the pion
	
blue Answer for the pion
	
blue Answer for the pion
	
blue Answer for the pion
	
blue Answer for the pion

	
blue hypertarget {Conclusion}{Exegesis}
	
blue hypertarget {Conclusion}{Exegesis}
	
blue hypertarget {Conclusion}{Exegesis}
	
blue hypertarget {Conclusion}{Exegesis}
	
blue hypertarget {Conclusion}{Exegesis}


